Objective To assess sound levels of 4 high-frequency neonatal ventilators to determine whether there is a safety benefit in using modern high-frequency ventilators compared with older models.
L
oud noise has been shown to have adverse effects on newborn infants in the neonatal intensive care unit (NICU) . An infant born preterm shows physiologic responses to sound beginning at the gestational ages of 23-25 weeks. Loud sound can affect the physiologic stability of the infant born preterm during a long NICU admission. 1 Previous studies have shown that noise can induce apnea, bradycardia, blood pressure fluctuations, and changes in oxygen saturations in patients in the NICU. 2 In addition, cochlear damage from noise can lead to hearing impairment and language delays; noise-induced intraventricular hemorrhage can lead to cognitive, motor, and other functional impairment. 3 Furthermore, excess noise exposure has a potentiating effect on ototoxic medications such as aminoglycosides, which are commonly used in the critical care of the neonate. 4 An expert review panel in the year 2000 recommended that NICUs implement a system of regular noise assessment. NICUs should develop and maintain a program of noise control and abatement, and sound should be limited to an hourly equivalent continuous sound level (Leq) of <50 dB, the loudest 10% of sound over 1 hour should not exceed 55 dB, and the 1-second maximal sound level should not exceed 70 dB. 3 Despite these recommendations, many NICUs continue to observe sound levels well above recommended limits, 5 including more modern units that were designed with sound abatement in mind. 6 More recently, White et al have decreased the recommended threshold for safe sound levels to an Leq of 45 dB, loudest 10% of sound over 1 hour of 50 dB, and an 1-second maximal sound level of 65 dB. 7 Efforts have been made during the past 30+ years to minimize loud sounds in the NICU; however, despite clinical practice changes and updated standards in NICU design, elevated sound level continues to be a challenge. 8 Of the many sources of noise to which a newborn infant is exposed, ventilators are one of the most persistent exposures in the NICU environment. Soundabatement efforts have been able to decrease ambient noise levels near or below the recommended thresholds, yet when respiratory equipment is present, the sound goals are rarely met. 9 Although commonly used in infants born preterm, currently available high-frequency ventilators are among the oldest ventilators in use. They were first introduced for NICU care in the 1980s when noise abatement was an unknown concept and have had minimal updates since their inception. Older ventilators are much louder than their modern peers; however, none of the newer ventilators are approved for use by the US Food and Drug Administration. One such ventilator, the Dräger VN500 (Dräger Medical, Inc, Telford, Pennsylvania) ventilator in high-frequency mode, is widely available outside the US and has been shown to have similar clinical performance to the older models. Lake City, Utah), and Dräger VN500 in the high-frequency oscillatory mode. For the jet ventilators, a tandem conventional ventilator (Dräger Babylog 8000; Dräger Medical, Inc) was used to regulate positive end-expiratory pressure (PEEP), with no sigh breaths used during the study. One at a time, each ventilator was tested over a range of ventilation settings. Sound levels were recorded once a steady-state level was reached by the ventilator at each setting. All settings were tested 3 times, and all recordings were included in data analysis.
Ventilation settings tested were those that ranged from lowest clinically relevant levels to those that approach the performance limits of each ventilator. Because the jet ventilator does not have settings that precisely correspond to settings used for oscillatory ventilation, we chose settings that most closely paralleled those used with the 2 oscillators. The settings used for data collection are as follows: Sensormedics and Dräger Os- The jet ventilator rates we tested included the high and low end of available rates. For pressure settings, MAP and DP on the oscillators were approximated by corresponding PEEP and PIP on the jet ventilators, respectively. This approximate matching of settings is an inherent limitation in our study design. However, although the settings between the jets and oscillators are not identical, they were chosen to collect data over wide clinically relevant ranges that encompass the performance limits of each ventilator.
Statistical Analyses
Data were analyzed using STATA, version 10 (StataCorp LLC, College Station, Texas). ANOVA was used to detect a difference in sound levels among the 4 devices. Logistic regression was used to determine the change in sound levels when comparing the newer Dräger Oscillator with the Sensormedics Oscillator and the Bunnell Jet Ventilators at equal settings.
Analysis of each individual ventilator was performed to determine which ventilation variables would affect noise production. Next, the ventilators were compared with one another to determine whether there was a significant difference in noise production among the ventilators.
Results
Three repetitions (trials) were completed for each ventilator at each setting. Measurements from each trial were highly reproducible (average SD between trials of 0.3 dB). All sound measurements were used for statistical analysis. To test each ventilator at every combination of settings described in the Methods, 48 measurements were obtained per trial (144 measurements per ventilator).
Dräger VN500
Adjustments to frequency had only a modest effect; a change from 5 to 15 Hz increased sound levels by 0.53 dB (95% CI 0.21-0.85). Adjustments to MAP had no effect on sound level (Figure 1) . Increasing DP had a modest but statistically significant effect on the sound level produced by the device. Increasing DP from 10 to 40 cmH2O increased sound level by 0.94 dB (95% CI 0.70-1.19) (Figure 2) .
Sensormedics 3100A
Frequency adjustments had no effect on the sound level of this ventilator. However, MAP did affect the amount of noise generated by the device: sound level remained stable between a MAP of 15 and 25 cmH2O but rose sharply at the lowest MAP of 10 cmH2O (Figure 1) . Amplitude adjustments had the largest effect on sound level. An increase in amplitude from 10 to 40 cmH2O increased sound levels by 3.50 dB (95% CI 2.21-4.79) (Figure 2) .
Bunnell Life Pulse Jet Ventilator Model 203
For this ventilator, adjustments to PEEP settings had no effect on sound level, and rate (frequency) adjustments had only modest impact on sound level. Increasing frequency from 4 to 10 Hz increased noise level by 1.61 dB (95% CI 0.98-2.24). PIP had the largest effect on jet sound level. Increasing PIP from 20 to 50 cmH2O increased sound level by 2.01 dB (95% CI 1.35-2.67) (Figure 2) .
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Bunnell Life Pulse Jet Ventilator Model 204
In this new-model jet ventilator, adjustments to PEEP settings had no effect on sound level, and rate (frequency) adjustments had only modest impact on sound level. Increasing frequency from 4 to 10 Hz increased noise level by 1.78 dB (95% CI 0.90-2.68). PIP had the largest effect on jet sound level. Increasing PIP from 20 to 50 cmH2O increased sound level by 2.87 dB (95% CI 2.07-3.66) (Figure 2) . During sound testing of both jet ventilators, it appeared that the humidification component of the ventilator was responsible for a large portion of the noise. Sound levels were therefore measured without the humidification circuit in place, which lowered sound levels by only 0.6 dB (±0.4 dB) when compared with having the humidifier. Because amplitude/PIP had by far the largest and most consistent effect on sound level, we pooled data at all sampled MAPs and frequencies to directly compare all 4 ventilators at progressively increasing power outputs using 4-way ANOVA for repeated measures. This analysis showed that there was a significant difference in noise production between the ventilators at all tested settings (P < .01). To further quantify the differences, linear regression was performed to examine the difference in noise production from the Dräger ventilator compared with the other 3 models (Table I) . At all settings, the Sensormedics and both Bunnell jet ventilators were significantly louder than the Dräger oscillator. The differences in noise were magnified as pressure/amplitude settings were increased. The average sound level produced by each ventilator at all measured settings is listed in Table II .
Discussion
The quality of the NICU environment is a critical component in the care of an infant born preterm. Numerous structural and workflow changes have been made in recent decades to decrease the negative impacts that the environment imposes on an infant's development, most notably the change from open-bay NICUs toward single-family room NICUs. Despite the significant improvements in long-term outcomes seen from these changes, 11 noise levels remain above recommended guidelines and pose a continued risk. 8 During the past 10 years, experts on auditory brain development have encouraged modifications in NICU equipment to minimize noise exposure, 12 but little has changed.
Our data demonstrate that all high-frequency ventilators used for neonatal care produce ambient sound levels above the current recommended safety limits. Although each of the 4 ventilators we tested was louder than a Leq of 45 dB, the Dräger ventilator provides significantly lower sound levels than the Sensormedics Oscillator and Bunnell Jet Ventilators. This holds true at every tested setting over a range of physiologically appropriate pressures. Furthermore, our study shows that the Dräger ventilator comes much closer to meeting the goals of having average noise exposure in the NICU less than 45 dB. In another recently completed study, we found average sound levels of 46.7 dB when the Dräger is in conventional modes in an occupied, single-patient room (Goldstein et al, 2018, unpublished data), which is similar, albeit slightly softer, than the Dräger in high-frequency mode. Previous studies have acknowledged that although the noise exposure for patients in the NICU should strive for an average <45 dB, 7 this level historically has been unachievable for patients on continuous ventilation. 9 Although the sound-level differences appear numerically small, it must be understood that the decibel scale is a logarithmic scale. This means that a 50-dB sound is 10 times louder than a 40-dB sound. Thus, the difference of 5.5 dB between the loudest and quietest ventilator at the highest settings represents approximately a 5-fold increase in sound level.
A limitation in our study is that all sound levels were recorded using an open warmer as the patient bed. Previous work by Salama et al has shown that neonates in incubators are exposed to even more noise from a ventilator when compared with ambient noise exposure in an open warmer. 13 Our study was designed to detect the noise levels of high-frequency ventilators to determine whether they can approach safety guidelines when used in the most noise-minimizing fashion. Further studies are needed to determine sound levels in the clinical setting with patients ventilated with each of these 3 ventilators in all types of NICU bedding.
The newer high-frequency ventilators available in much of the world, such as the Dräger VN500, provide the safety and convenience of using a single device for both conventional and high-frequency ventilation, thus avoiding the risk of inadvertent endotracheal tube dislodgment and loss of distending airway pressure with consequent loss of functional residual capacity. In this study, we demonstrated a potential additional benefit of safer sound levels relative to high-frequency ventilators currently available in the US. If it is eventually approved for use in the US, the Dräger ventilator may provide a safer approach to ventilation when both conventional and high-frequency oscillation are anticipated for the care of a patient. ■ F ifty years ago, the use of genetic testing as a neurodevelopmental diagnostic tool was only emerging. At that time, Summitt reported the findings of chromosomal analysis in 50 children with intellectual disability and 3 or more physical anomalies compared with 50 adult controls. Blinded karyotype analysis was performed on cell samples of each individual. A significant abnormality was noted in 4 children and none of the controls; these abnormalities included a mosaic accessory chromosome, a translocation of chromosomes 2 and 3, a trisomy 18, and a deletion in 18q. Summitt also suggested 2 conclusions that the study could not validate but have been reinforced many times since: there are many novel genotype-phenotype correlations, and there is an increased occurrence of genetic abnormalities in children with neurodevelopmental disabilities.
The detection and analysis of genetic aberrations has progressed rapidly in 5 decades. Currently, both the American Academy of Pediatrics and the American College of Medical Genetics and Genomics recognize chromosomal microarray (CMA) and fragile X testing as first-line diagnostic tests for children with significant developmental disabilities, including global developmental delay, 1 intellectual disability, 1 and autism spectrum disorder. 2 The diagnostic yield of testing has increased as well. For example, CMA contributes to a diagnosis in approximately 10% of children with autism spectrum disorder, whereas karyotype analysis contributes in approximately 3%. 2 In the future, CMA also may be viewed as imprecise, as whole exome sequencing and, plausibly, whole genome sequencing becomes more readily available. Although the economic effectiveness of exome and/or genome sequencing is currently limited in the evaluation of developmental disorders, 3 given the history of rapid refinement in genetic evaluation, it is exciting to speculate that these tools may become feasible first-tier diagnostic techniques in the future.
